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Introduction
High tibial osteotomy (HTo) is one of the treatment options in patients with medial knee osteoarthritis. The purpose of HTo is to disperse an excessive load applied to the medial compartment using the correction of lower limb alignment, which results from outward displacement of the mechanical axis of the leg. Previous research on the closing-wedge HTo (CWHTo) reported the appearance of cartilage-like repair tissue on the articular surface of the medial compartment because of the reduction of the load on the medial compartment with proper leg alignment. [1] [2] [3] Significant correlations were also observed between the cartilage-like repair tissue and clinical evaluation in cases of cartilage-like repair tissue appearing on the medial compartment. 1, 2 Hemicallotasis osteotomy (HCo) is one type of opening-wedge HTo (oWHTo). 4, 5 Advantages of the HCo are that it is easy to obtain a correct alignment using postoperative gradual correction, and patients begin to walk with early weight-bearing because of the rigid fixation that is obtained using a low-invasive external fixator. 4, 6 HCo is also an excellent method because it results in less deformation of the proximal tibia than other methods of performing the oWHTo. 4 We reported good clinical results and alignment maintenance in 19 patients who were available for review more than ten years postoperatively. 7 However, it is not yet clear whether the repair of cartilage-like tissue occurs in the articular surface of the medial compartment after HCo.
The remarkable progress of MRI techniques enables excellent quantitative evaluation of cartilage and the usefulness of MRI as the rating system for cartilage lesions has increased remarkably. Several recent studies revealed that T1ρ and T2 mapping images reflect the changes in the cartilage matrix, which are similar to delayed gadolinium enhanced MRI of cartilage (dGEMRIC), and demonstrated the effectiveness of these techniques for qualitative evaluation of articular cartilage. [8] [9] [10] [11] [12] [13] An ex vivo study of bovine cartilage revealed that T1ρ values increased in correlation with a decrease in glycosaminoglycan (GAG) content. 9, 10 T2 values also reflected changes in water content and collagen anisotropy. 11 Clinical studies using T1ρ and T2 mapping images demonstrated that T1ρ and T2 values correlated with the degree of cartilage degeneration. 12, 13 This study performed morphological evaluations of the appearance of repair tissue on the articular surface of the medial compartment in the affected knee after HCo using 3D T1-weighted fast field echo with water-selective excitation (3D WATS) and performed a qualitative evaluation using T1ρ and T2 mapping to analyse the properties of the repair tissue.
Patients and Methods
Patients. The cohort consisted of patients who underwent HCo with a diagnosis of medial knee osteoarthritis from March 2009 to June 2011. A total of 20 patients (six male and 14 female, with a mean age at surgery of 61.6 years (53 to 72)) participated in this study. A physician (EN) specialising in knee joints with 20 years of experience performed the surgeries according to the procedure described in a previous report. 4 This study complied with the Declaration of Helsinki after we obtained approval from the Institutional Review Board of our institution. All patients provided written informed consent to participate in the study. The following exclusion criteria were used: contraindication for undergoing MRI, patients with severe osteoarthritis in the lateral compartment of the femorotibial joint or patellofemoral joint and patients with a history of knee surgery or knee injury within the previous three months on the affected knee. All patients underwent radiographic and MRI examinations preoperatively and at six months and one year after surgery. Radiographic evaluation. Radiographic evaluation was performed by the surgeon (EN) pre-operatively and at six months and one year after surgery. The hip-knee-ankle (HKA) angle 14 was measured using standing anteroposterior radiographs of the lower leg. MR imaging protocol. All MR examinations were performed on a 3-Tesla MRI Scanner (Achieva 3 Tesla, Philips Medical Systems International B.v., Best, The Netherlands) using an eight-channel SENSE knee coil (Philips). The affected limb was fixed at 15° of flexion in a neutral position of rotation when installing the knee coil for MR imaging to eliminate the influence of body movement. All imaging was performed in the coronal plane, and the coronal slice was set parallel to the tibial posterior condylar axis, which is connected to the posterior edge of the medial and lateral tibial condyles. The MR imaging protocol included three sequences, and the acquisition parameters used can be seen in Table I . We chose the central slice through the central point surrounded by the anterior and posterior margins of the meniscus using the sagittal image (scout view) to match the slices in the three imaging sequences. MR imaging analysis. Imaging analysis was performed after transferring the data to an offline personal computer (Apple Computer, Inc., Cupertino, California). T1ρ and T2 mappings were constructed using Philips Research Integrated Development Environment (PRIDE) software (Philips) written in an Interactive Data language (RSI, Inc., Boulder, Colorado) according to the following mono-exponential fitting algorithm:
where TSl is the time of spin-lock, and S is the signal intensity on T1ρ-weighted images with a given TSl, and
where S is the signal intensity on the T2-weighted image with a given TE.
Evaluation of articular cartilage was performed on regions of interest (RoIs) set at weight-bearing full-thickness cartilage of the medial femoral condyle (MFC) and medial tibial plateau (MTP) in a coronal slice. We selected a coronal central slice (white dashed line, Fig. 1b ) that was passed through the centre of the weight-bearing cartilage surrounded by the anterior and posterior margins of the meniscus in the sagittal scout image (Fig. 1a) . We also added the two slices (white dotted line) that neighboured the central slice anteriorly and posteriorly (Fig. 1a) . In addition, we measured the RoIs as the signal value of normal cartilage according to the method of Welsch et al. 15 A region of morphologically normal-appearing cartilage in the same knee joint was selected as the normal cartilage on 3D WATS images. We chose three RoIs (mean number of pixels, 105; 77 to 101) from the normal cartilage region that was consistent with non-injured cartilage of the lateral compartment in arthroscopic findings (arthroscopy performed at the time of HCo surgery). T1ρ and T2 relaxation times (ms) in the RoIs that were set to each image were measured using ImageJ software (National Institutes of Health, Bethesda, Maryland) for T1ρ mapping and PRIDE software for T2 mapping. We calculated the average T1ρ and T2 relaxation times of three slices. Cartilage thickness was also measured at the centre of each RoI using 3D WATS images. All MRI evaluations were performed by a musculoskeletal expert who was blinded to clinical and radiographic results and to the order of image acquisitions (pre-operatively, at six months and one year after surgery). We demonstrated good reliability in the RoI settings in previous studies. 12, 16, 17 Statistical analysis. Data are presented as the mean and standard deviation (sd). Comparisons of all quantitative variables between pre-operative and one-year follow-up evaluations were investigated using the Mann-Whitney u test. Similarly, comparisons of each variable between pre-operatively and six months and one year after surgery were performed using one-way analysis of variance (ANovA) followed by post hoc comparisons with Scheffe's test. A p-value < 0.05 was considered statistically significant. All data analyses were performed using SPSS statistical software, version 19.0 (SPSS Inc., Chicago, Illinois).
Results
Radiographic evaluation. Radiographic evaluation revealed a mean HKA angle pre-operatively of -11.4° (sd 6.9°), which was corrected to 6.4° (sd 2.6°) six months after surgery (Table II) . The corrected HKA angle was maintained at 6.3° (sd 2.7°) until one year after surgery (Table II) .
Morphological evaluation of changes in cartilage thickness using 3D WATS. Assessment of cartilage thickness (mm) of the MFC using 3D WATS images revealed that the cartilage thickness increased significantly from 0.21 sd 0.38 pre-operatively to 0.77 (sd 0.52) six months postoperatively, and this increase persisted to 0.98 sd 0.59 
Discussion
The present study is the first to illustrate, using MRI, that cartilage-like repair tissue occurs on the articular surface of the medial compartment in the corrected valgus knee.
Morphological evaluation using 3D WATS demonstrated that cartilage-like repair tissue formed on the articular surface of the medial compartment six months after surgery. The thickness of the cartilage-like repair tissue revealed a significant difference between pre-operatively and six months after surgery, but this difference was not demonstrated between six months and one year after surgery. The T1ρ values of the cartilage-like repair tissue at six months and one year after surgery were not significantly different to those pre-operatively. However, the T2 values decreased over time, and showed a significant difference between pre-operatively and one year after surgery was observed. Previous histological studies of biopsy specimens of the cartilage site at which microfracture (MFX) was performed have indicated that the defect is repaired with fibrocartilage. 18, 19 However, evaluation of the repair tissue after MFX using T2 mapping revealed that the T2 values of the repair tissue in the MFX knees showed a significantly lower value after more than one year compared with normal cartilage. 15 on the other hand, T1ρ values of the repaired tissue one year after surgery showed no differences compared with normal cartilage. 20, 21 T1ρ and T2 values of the cartilage-like repair tissue in our study exhibited a similar tendency compared with pre-operatively, and the T1ρ and T2 mean values were equal to previous studies. These results suggest that the repair tissue after HCo should be a fibrocartilage.
Post-operative alignment in previous reports of HTo was related to the cartilage repair on the articular surface of the medial compartment. Kanamiya et al 1 reported that post-operative knees with a properly corrected mechanical axis exhibited regeneration of cartilage-like tissue on second-look arthroscopic evaluations at six months after CWHTo, but cases with improper correction revealed less repair of the cartilage-like tissue. odenbring et al 3 stated that the regeneration of the fibrocartilage-like repair tissue was 86% in the HKA group according to biopsy results two years after CWHTo. However, these researchers stated that the regeneration of the fibrocartilage-like repair tissue was observed only in 22% of the HKA group that underwent less correction of the weight-bearing alignment. Thus decreased stress on the load-bearing cartilage Representative T1ρ and T2 mapping images pre-operatively (pre-op), and at six months and one year after surgery (post-op). The T1ρ and T2 mapping images at six months (c and d) and at one year after surgery (e and f) showed the increase in cartilage thickness in the medial compartment compared with preoperative images (a and b).
of the medial compartment in appropriately corrected limbs results in restoration of the cartilage-like tissue. 1, 3 However, Agneskirchner et al 22 demonstrated that the superficial medial collateral ligament (sMCl) must separate from the bone to decrease the contact pressure of the medial compartment of the cadaveric knee after oWHTo. Therefore, in HCo, 4, 5 in which correction of the tibia was performed without separating the sMCl from the bone, a reduction in the mechanical stress on the medial compartment was not achieved even in knees with proper alignment. However, fibrocartilage-like repair tissue was observed in the medial compartment in our study. The results of our study suggest that a reduction of the mechanical stress in the medial compartment is obtained after HCo. Ilizarov 23 revealed that adaptive elongation of soft tissues, such as muscle or tendon, was confirmed by performing limb lengthening in canine tibia. Furthermore, Mizumoto et al 24 reported that a similar elongation of the soft tissue was observed in HCo in an animal study using rabbits. Therefore we believe that reduction of the mechanical stress on the medial compartment is achieved by a gradual adaptive elongation of the sMCl in HCo.
Parker et al 25 evaluated dGEMRIC changes in signal intensity of articular cartilage after oWHTo. They stated that T1 Gd values (T1 value after Gd-DTPA2-contrast administration) decreased in association with cartilage degeneration (loss of GAG content in the cartilage) six months after oWHTo, but that the rate of change for T1 Gd values shifted from negative to positive between six and twelve months after oWHTo. However, our results showed that T1ρ values decreased in association with GAG restoration six months after HCo. Parker et al 25 reported that patients required treatment using nonweight-bearing tasks during the six weeks after oWHTo. Behrens, Kraft and oegema 26 demonstrated that the GAG content of the cartilage of the knees in mature dogs decreased after six weeks of rigid immobilisation in a long-leg cast. Briefly, a loss of GAG content (decrease in T1 Gd values) occurred after oWHTo within six months post-operatively because of the necessity for non-weightbearing during the time of osteotomy-site healing. our study indicated that the restoration of GAG content was observed six months after HCo, likely because load acceptance gait was initiated immediately after surgery.
There are some limitations to our study. First, the evaluation of repair tissue using T1ρ and T2 mapping was performed only up to one year following HCo. using dGEMRIC, Parker et al 25 demonstrated that significant changes in T1 Gd values of the repair tissue were not observed even after more than one year following surgery. Thus, we considered that T1ρ and T2 values would also show no changes after more than one year post surgery. Nonetheless, further long-term research is needed. Additionally, histological examination by biopsy of the repair tissue was not carried out in our study. Although the repair tissue after HCo is considered to be repaired by fibrocartilage from the changes in the T2 values in a similar manner after MFX, its repair tissue cannot be concluded to be fibrocartilage histologically. There is a need for histological evaluation in the post-operative repair tissue after HCo.
In conclusion, this study clarified using MRI analysis, that cartilage-like repair tissue appears on the articular surface of the medial compartment after HCo. Analysis using T1ρ and T2 mapping revealed that the repair tissue is likely to be fibrocartilage.
